Advanced reduction processes (ARPs) are treatment processes that involve combining reducing reagents and activating tools to produce highly reactive reducing free radicals. The process has proven effective for treating oxidized contaminants, and the effects of process variables on the degradation kinetics of various target contaminants have been investigated in our previous studies.
INTRODUCTION
Bromate is a disinfection byproduct (DBP) that enters drink- which leads to elevated levels of bromide in desalinated seawater (Flury & Papritz ) . Disinfection of desalinated water before its use as a source of drinking water results in oxidation of bromide to bromate that is suspected to be a human carcinogen (Aljundi ) . In the United States and European Union, the maximum acceptable contaminant level of bromate is 10 μg L À1 (Huang et al. ) . Therefore, it is necessary to remove bromate ions by drinking water treatments.
Our previous study showed that bromate is effectively NOM increases in raw water will hinder the efficiency of water treatment processes and increase water purification proposed that these chemical alterations of humic materials via UV-photolysis affect the photodegradation of pollutants (Frimmel ) . Therefore, we suggest that the presence of humic acid (HA) affects the effectiveness of ARP for bromate removal.
This study (i) examines effects of HA on bromate destruction kinetics in systems where sulfite is irradiated by UV-L, (ii) characterizes effects of process variables (solution pH, sulfite dose, and light intensity) on bromate destruction kinetics in the presence of HA, (iii) estimates quantum yields of bromate removal in the presence of HA, and (iv) compares the extent of bromate removal using a broadband UV source (UV-B) with emissions ranging from 280 nm to 320 nm, with that previously observed using low and medium pressure UV sources. were used for the UV-L and UV-B, respectively. The lamps were warmed for 10 min to reach a constant output, and then irradiation experiments were conducted. The samples from reactors that include HA were filtered using a 0.45 μm filter (Supor ® -450, Life Sciences) prior to analysis by ion chromatography.
MATERIALS AND METHODS

Experimental procedures
Analytical procedures
The bromate and bromide analysis was performed using a conductivity cell, and eluent generator. The mobile phase was 20 mmol L À1 potassium hydroxide (KOH) held at a constant flow rate of 1 mL min À1 . Methodological accuracy and precision levels were determined by measuring seven replicates, and method detection limits were determined to be 3.1 μg L À1 and 8.7 μg L À1 for bromate and bromide, respectively. UV-Visible absorbance was measured using a Perkin
Elmer (Lambda 25) UV-Visible spectrophotometer and a quartz cell with a 1 cm optical path length. pH levels were measured using a VWR pH-meter (model SympHony).
NOM absorbs UV light ranging from 220 nm and 280 nm, and this range has been recommended as being appropriate for NOM measurements (Matilainen et al. ) . In this study, HA absorbance was measured at a wavelength of 254 nm using a Perkin Elmer (Lambda 25) UV-Visible spectrophotometer.
RESULTS AND DISCUSSION
Effect of HA concentrations Table 1 shows the experimental conditions and pseudo-firstorder rate constants (k obs,HA ) calculated based on the experimental conditions. Rate constants (k obs,HA ) were determined through a nonlinear least squares regression using the nlinfit function in Matlab.
The presence of HA slowed bromate degradation, as shown in Figure 1 d This is total organic carbon measured in solutions with SRNOM which were used for exps. no. 4-8. Except exp. no. 4-8, the source of NOM was HA sodium salt purchased from Aldrich. e pH 0 was usually measured when the solution was prepared, before UV irradiation.
f 5 mmol L À1 phosphate buffer solution was used and 1 N HCl or 1 N NaOH were added to adjust pH levels.
NOM in promoting and hindering bromate degradation explains the results in Figure 1 , which show how HA increases the rate of bromate removal at low HA concentrations, but decreases it at higher HA concentrations. scavenging the reactive species formed by sulfite photolysis so that they are unable to react with bromate.
Effects of pH in the presence of HA
The influence of the solution pH on bromate reduction kinetics in the sulfite/UV-L ARP was studied at pH levels of 7, 3 ) depends on pH, and sulfite ions dominate when pH > pK a (¼7.2). In the presence of HA, k obs,HA (0.191 (min À1 )) at pH 11 was 4.2 times larger than k obs,HA (0.046 (min À1 )) at pH 9, whereas in the absence of HA, k obs at pH 11 increased only 1.9 times relative to that at pH 9 ( Jung et al. ). At pH 9 there would be approximately twice the concentration of sulfite ion as would exist at pH 7, so there should be about twice the rate of production of reactive species. If the mechanism for bromate reduction were reaction with these reactive species, the rate of bromate degradation should increase by about a factor of two. The fact that it remained constant is evidence that the mechanism of degradation is direct photolysis, not reaction with products of sulfite photolysis. Whether the increased value of k obs,HA at pH 11 is due to a shift in reaction mechanism cannot be determined with the existing data; however, degradation of perchlorate by the sulfite/ UV-L ARP was observed to be much faster at pH values around 11 than at moderate pH (Vellanki & Batchelor ). 
and 5 mmol L À1 phosphate buffer solution, 1 mol L À1 HCl and 1 mol L
À1
NaOH were used to adjust pH levels.
increased with increasing pH levels. HA solutions of all pH values studied showed declines of absorbance during UV irradiation ( Figure 5(a) ). Equations (1) and (2). Our previous studies have reported quantum yields for bromate degradation as a measurement of ARP efficiency ( Jung et al. ) . When HA is present, its light absorption (Equation (3)) should be considered as well as that of bromate and sulfite.
When there are multiple compounds present that are absorbing light, the light absorption of all species and the quantum yield of the target compound are calculated as follows (Crittenden et al. ) .
First, the overall rate of light (photon) absorption will be calculated as the sum of light absorption rates of each individual compound (bromate, sulfite, and HA). Since the photon flux varies with position, the rate of light absorption will be a function of distance along the light path (x)
where ε 0 i is the molar extinction coefficient (base e) for the absorbing compound 'i' at a specified wavelength (254 nm in this study, M À1 cm À1 ), C i is the molar concentration of the absorbing compound 'i' (mol L À1 ), n is number of compounds, I 0 is photon irradiance entering the reactor
), x is the distance along the light path (cm), P is the rate of light (photon) absorption by all n compounds (Einstein cm À3 s À1 ), and α is the sum
The rate of light absorption by compound j at point x can be expressed as:
where P j is the rate of light absorption by compound j
), ε 0 j is the molar extinction coefficient (base e) for the absorbing compound 'j' at a specific wavelength (254 nm in this study, M À1 cm
), and C j is the molar concentration of the absorbing compound 'j' (mol L
).
The quantum yield is defined as the rate of some specified reaction resulting from photolysis to the rate of UV light absorption. So, the photolysis rate of compound j (r j )
in the presence of multiple absorbing compounds at a position x is:
Assuming all compounds of the reactor are completely mixed, the average removal rate by photolysis (r avg ) can be obtained with integrating Equation (7) over the total light path (L):
Finally, Equation (9) can be rearranged to calculate quantum yield of bromate (φ bromate ) in the presence of sulfite and HA.
where φ bromate (mol Ein À1 ) is the quantum yield of bromate at wavelength 254 nm, r avg,bromate is the average rate of bromate removal in the reactor, which was calculated as r avg, bromate ¼ k obs *C 0 , where k obs is the pseudo-first-order rate constant of bromate degradation (min À1 ) and C 0,bromate is the initial bromate concentration (mol L À1 ), 'i' refers to the light-absorbing compound that initiates the removal mechanism. For direct photolysis (BrO , respectively (Table S1 ). Table S2 shows the summary of parameters used in calculating these quantum yields. (Tables S1 and   S2 are available with the online version of this paper.)
CONCLUSION
Previous research has shown that bromate is rapidly and effectively destroyed by the sulfite/UV ARP using low-and removal. In the presence of HA, the degradation rate constant was not affected by sulfite doses, which indicates that it was being degraded primarily by direct photolysis under the experimental conditions, rather than by reaction with reactive species formed by sulfite photolysis.
